Background. Aspergillosis therapy with amphotericin, azoles, or echinocandins is associated with substantial mortality, ranging from 30% to 80%, depending on the stage of infection and the host's underlying disease. The results of in vitro studies and animal models suggest that combination therapy with azoles and echinocandins may have additive activity against Aspergillus species.
Medical centers worldwide have reported that invasive aspergillosis (IA) has become a leading infection-related cause of death in immunocompromised patients [1] [2] [3] [4] . Historically, treatment has been with amphotericin B deoxycholate (AmB-d) or lipid formulations of amphotericin B (LFABs); however, other therapeutic options have recently become available. Voriconazole has been approved for first-line (or "primary") therapy for aspergillosis [5] , and caspofungin, which is an echinocandin, has been approved for therapy in patients who experience failure with other antifungal drugs (i.e., approved for "salvage" therapy) [6] . However, outcomes remain poor, especially in hematopoietic stem cell transplant (HSCT) recipients, with studies demonstrating favorable responses in only 20%-40% of such patients after 3 months of salvage therapy [6, 7] .
Azoles and echinocandins target different cellular sites, impacting the fungal cell membrane and the cell wall, respectively. Results of in vitro studies, animal models, and case reports of aspergillosis suggest good outcomes when echinocandins are combined with amphotericin formulations or azoles; however, no comparative clinical data have been published [8] [9] [10] [11] [12] [13] [14] . Here, we compared the outcomes of salvage therapy for aspergillosis with the combination of voriconazole and caspofungin, compared with voriconazole alone, in a sequential cohort of patients in our center (Fred Hutchinson Cancer Research Center [FHCRC] ; Seattle, WA).
METHODS
Informed consent was obtained from patients or their parents or guardians, and this retrospective review was approved by the FHCRC Institutional Review Board. Patients who developed pulmonary aspergillosis after reciept of HSCT or cytotoxic chemotherapy for a hematologic malignancy at FHCRC were identified by review of microbiology, histopathology, and infectioncontrol records [1, 15] . Only patients with aspergillosis defined as proven or probable according to standardized composite criteria were included [16] .
During the review period (1997) (1998) (1999) (2000) (2001) , standard practice guidelines that were developed by the infectious diseases program were used to direct antifungal therapy. Practice was to initiate therapy with AmB-d (у1 mg/kg q.d.) and to change to voriconazole (6 mg/kg, followed by 4 mg/kg b.i.d.) for salvage therapy. A change to a salvage regimen was indicated by progressive infection, intolerance to the initial regimen, or renal dysfunction (creatinine clearance of !30 mL/min or creatinine level of 12.5 mg/mL) after у7 days of amphotericin-based therapy. Patients who had preexisting renal dysfunction or a history of AmB-d intolerance could receive LFABs (amphotericin B lipid complex or liposomal amphotericin B, both at a dosage of 5 mg/kg q.d.) prior to receipt of voriconazole as salvage therapy. In February 2001, practice was altered such that caspofungin was administered (70 mg on the first day of therapy, followed by 50 mg q.d.) in combination with voriconazole (6 mg/kg, followed by 4 mg/kg b.i.d.) for salvage therapy.
Demographic and treatment data were obtained by review of computerized databases and patient charts. An investigator blinded to treatment arm examined discharge summaries and autopsy records to determine cause of death and indication for salvage therapy. Patient-identifying and therapy data were removed from documents to mask treatment arm for this review. Because aspergillosis-related deaths were an important endpoint, patients with graft-versus-host disease (GVHD) who died with infection were considered to have died due to the infection, not due to GVHD. However, to minimize bias introduced by receipt of additional myelosuppressive therapies, patients with relapsed malignancy were considered to have died due to relapse, not due to the infection. Other outcomes analyzed included survival for 3 months after the diagnosis of aspergillosis and survival for 3 months after the start of salvage therapy. To evaluate the relative safety of the salvage regimens, median total bilirubin, aspartate aminotransferase, and creatinine levels were compared during the course of salvage therapy (from initiation until 90 days after the start of salvage therapy).
Survival was estimated with Kaplan-Meier curves [17] . Multivariable analysis was performed to determine the impact of antifungal therapy on 3-month survival. In overall Cox proportional-hazard regression models, candidate variables included antifungal therapy, underlying risk (no transplant received vs. autologous or allogeneic HSCT received), stage of aspergillosis (disseminated vs. pulmonary), and type of antifungal drug administered for primary therapy (AmB-d vs. LFAB). Because prior studies found that outcomes for allogeneic HSCT recipients are dependent on transplant type and GVHD therapy [4, 18] , additional models were performed only among allogeneic HSCT recipients, including the variables of conditioning therapy (myeloablative vs. nonmyeloablative) and maximum corticosteroid dose (у2 mg/kg q.d.). Variables with a P value of р.25 were entered into the model and sequentially eliminated in a stepwise backward fashion, with a significance level of !.05 as the criterion for inclusion.
RESULTS
We analyzed the outcomes for 47 patients who acquired confirmed (proven or probable) aspergillosis from 1997 through 2001. Forty-one patients developed infection after receipt of HSCTs, and 6 developed infection after receiving cytotoxic chemotherapy. Patients were well matched with regard to age, sex, underlying disease, type of conditioning therapy, and maximum corticosteroid doses received for GVHD (table 1). The majority of patients in both the voriconazole and combination salvage therapy arms received salvage therapy because they experienced clinical failure (not because of intolerance); however, there was a trend for a greater proportion of patients in the combination therapy arm to have received salvage therapy for progressive aspergillosis (
, by Fisher's exact test). There were slightly P p .13 more patients who received combination salvage therapy for extrapulmonary disseminated and proven aspergillosis; however, differences were not statistically significant. The median duration and types of primary antifungal therapy were not significantly different (table 1) .
Survival after diagnosis of IA among patients receiving voriconazole alone was compared with survival among those receiving the combination regimen. Because salvage therapy was initiated at different times relative to the diagnosis of aspergillosis, we evaluated outcomes relative to both the day of diagnosis and the start of salvage therapy. Overall survival at 3 months after the day of diagnosis of aspergillosis was highest among patients who received the combination regimen ( figure  1; ). Similarly, 3-month survival after the start of sal-P p .048 vage therapy was greatest among the group of patients who received the combination regimen (hazard ratio [HR], 0.43; 95% CI, 0.17-1.1;
). We repeated the analysis after P p .050 excluding several patients in both treatment groups (4 in the monotherapy group and 2 in the combination therapy group) who received !7 days of salvage therapy; in this limited cohort, there was still a trend to an increased survival rate in the combination therapy group (HR, 0.38; 95% CI, 0.13-1.1; P p ). Finally, the probability of death due to aspergillosis was .058 lower in patients who received combination therapy, compared with voriconazole alone (figure 2;
). P p .024 Results of the univariate Cox regression model to identify risks for death are shown in table 2. Multivariable models were performed to determine whether the improved survival after combination therapy was independent of other variables. Among the entire cohort of patients (table 3) , combination salvage therapy was associated with reduced mortality relative to voriconazole alone (HR, 0.27; 95% CI, 0.09-0.78; P p Kaplan-Meier probability of survival after diagnosis of proven or probable invasive aspergillosis (IA) in patients treated with voriconazole alone (voriconazole group) or voriconazole with caspofungin (combination group).
, calculated from the likelihood ratio test P p .048 using Cox regression. The number of patients evaluable during each time period is indicated. Figure 2 . Probability of death due to invasive aspergillosis (IA) after diagnosis of IA in patients treated with a salvage therapy regimen of voriconazole alone (voriconazole group) or voriconazole with caspofungin (combination group). Patients with IA and graft-versus-host disease were considered to have died due to IA; to minimize bias from receipt of myelosuppressive therapies, patients with relapsed malignancy were considered to have died due to relapse [25] .
, calculated from the P p .024 test for comparing groups in the presence of competing risks [26] . The number of patients evaluable during each time period is indicated.
). Patients who had not yet received a transplant had an .008 increased risk for death, although the number of such patients was small (HR, 3.8; 95% CI, 1.2-12; ). Use of non-P p .032 myeloablative conditioning therapy appeared to reduce the 90-day mortality according to the univariate analysis, but the effect was not significant after adjusting for antifungal therapy and receipt of transplant (HR, 0.36; 95% CI, 0.08-1.6). After restricting the model to allogeneic HSCT recipients, receipt of combination therapy was again associated with reduced mortality, compared with voriconazole alone (HR, 0.25; 95% CI, 0.057-1.1;
). In this multivariable model, there was P p .029 again a trend to increased survival in patients who received nonmyeloablative conditioning therapy (HR, 0.44; 95% CI, 0.10-1.9;
) when controlling for antifungal therapy. P p .22 Stage of aspergillosis was not predictive of survival in multivariable models. Combination therapy was associated with a decreased risk of death, independent of the type of primary therapy (AmB-d vs. LFAB), which was not significant in any model.
The relative safety of the 2 salvage regimens was assessed by comparing several laboratory parameters of hepatic and renal function during the first 3 months of salvage therapy. There was no difference in total bilirubin level between patients receiving voriconazole (median, 4.1 mg/mL; range, 1.2-23.1 mg/mL) and those receiving combination therapy (median, 3.8 mg/mL; range, 0.6-11.1 mg/mL). Similarly, aspartate aminotransferase levels did not differ during salvage therapy with voriconazole (median, 45.6 U/L; range, 12-138 U/L), compared with the combination of drugs (median, 34.2 U/L; range, 27-116 U/L). There was also no difference in serum creatinine level in recipients of voriconazole (median, 2.2 mg/dL; range, 1.2-5.0 mg/dL), compared with combination therapy (median, 1.5 mg/dL; range, 0.9-5.2 mg/dL).
DISCUSSION
Comparison of the most objective parameter of therapeutic success-survival-showed that the combination of voriconazole and caspofungin was associated with better outcomes, compared with voriconazole administered alone, for patients receiving salvage therapy to treat aspergillosis. These data support the use of the combination regimen in treating patients who require salvage therapy, but given the retrospective nature of this study, a randomized trial will be necessary to determine whether combination regimens will be effective for primary therapy for aspergillosis.
Combination antifungal therapy has been of interest because of the poor outcomes associated with treatment with either azole antifungals or amphotericin B formulations alone, especially in HSCT recipients. Although combination regimens that include amphotericin formulations and azoles have not resulted in favorable responses in either in vitro studies or animal models [19] , this combination has frequently been used as a result of clinical desperation. Regimens that combine azoles or amphotericin with echinocandins may be more compelling than others because of their unique mechanisms of action. Recent in vitro studies and animal models evaluating therapy with caspofungin combined with amphotericin [8] , voriconazole [9, 10] , or ravuconazole [20] demonstrated favorable responses against Aspergillus species. Cases of successful therapy using caspofungin and itraconazole [12] and caspofungin and LFABs [11, 13, 14] have also been reported. In this comparative analysis of clinical outcomes, we observed a survival advantage in patients treated with the combination of voriconazole and caspofungin, compared with voriconazole alone. Responses were not a function of primary therapy, because patients in both arms received equivalent durations and types of amphotericin B formulations. Multivariable analyses confirmed that combination therapy was associated with improved survival, even though a greater proportion of patients had disseminated and/or progressive aspergillosis at baseline in the combination arm than in the monotherapy arm. The multivariable analyses attempted to control for differences in host variables that may have changed over the time period during which the outcomes were observed. To this end, the impact of antifungal therapies appeared independent of the type of conditioning therapy and the receipt of corticosteroids, both of which are factors that have been shown to be important prognostic variables in other studies [4, [21] [22] [23] . However, the retrospective and noncontemporaneous nature of this comparison limits the conclusions that can be drawn, because other changes in transplantation or supportivecare practices could account for the differences in outcome. Some of these variables may not be apparent or quantifiable in this small observational study.
In this study, the 3-month survival rate of patients treated with voriconazole was ∼40%, which does not differ from the survival rate of patients treated at our institution in earlier years [15] . Assigning attributable mortality in patients with opportunistic infections is difficult, given the presence of multiple comorbidities. Cause-of-death analysis revealed that 20%-50% of patients died as a result of aspergillosis within 3 months after diagnosis. The finding that combination therapy was associated with a decreased mortality rate suggests that a large proportion of poor outcomes can be ameliorated with improved antifungal regimens for both prevention and therapy.
The persistently high mortality rate associated with aspergillosis, even among patients treated with voriconazole for salvage therapy, prompted our exploration of combination therapy. Although we evaluated outcomes in a relatively large group of patients and made efforts to equalize the composition of treatment arms with use of both entry criteria and multivariable models, the conclusions of this study are limited by its retrospective design. An appropriately powered randomized trial is warranted to determine whether this combination would be optimal first-line therapy for aspergillosis. Such a trial is im-perative, given the added toxicities, drug interactions, and costs that may be encountered when administering combinations of antifungal drugs. Design of such a trial will require careful consideration; as reviewed in a recent editorial, у570 evaluable subjects will be required in order to show a 10% difference in survival with use of predictions based on data for patients receiving voriconazole monotherapy [24] .
The survival advantage we observed may support the use of the combination regimen in the select group of patients who are experiencing treatment failure with other therapies. For these patients, it appears that the combination regimen, compared with voriconazole monotherapy, is at least not associated with worse outcomes.
